We report on the current status of non-minimal universal extra dimension (UED) models. Our emphasis is on the possible extension of the minimal UED model by allowing bulk masses and boundary localized terms. We take into account the data from the Large Hadron Collider (LHC) as well as direct and indirect searches of dark matter and electroweak precision measurements.
Introduction
Universal Extra Dimension (UED) refers to models with (nearly) flat extra dimensions in which all the standard model fields can propagate [1] . A field in higher dimensions is expanded into its Fourier modes, so called Kaluza-Klein (KK) modes. Its lowest mode or the zero mode is regarded as one of the standard model (SM) particles, i.e. quarks, leptons, gauge bosons and the Higgs boson which have been observed at the LHC. If the extra dimension is 'symmetric' under the reflection about its midpoint, which may be regarded as the consequence of two throats compactification [2] as shown in Fig. 1 , a KK mode carries a definite parity (even or odd), dubbed KK-parity. It is assigned as P n = (−1)
n for a n-th KK mode. Since a standard model particle is a zero mode and has an even parity, the lightest KK- Fig. 1 . An effective description of a RS model after integrating out the part in the vicinity of UV could be regarded as a UED model. parity odd particle (LKP) becomes automatically stable as it can never decay into only zero modes due to parity conservation. Thanks to this property (stability of the LKP), UED models are often regarded as a theory of dark matter (DM). The first excited state of the U (1) Y gauge boson, B 1 , is the best studied candidate of KK dark matter in the so-called minimal UED model (MUED) . See Refs. [3] [4] [5] [6] for recent reviews on MUED.
In this review, we focus on the recently proposed extensions of the minimal model and their status after LHC8 and several dark matter detection experiments. Two notable extension in 5D (and their variations) have been discussed in literature:
• Split-UED [7] [8] [9] [10] [11] , M 5 = 0 • non-minimal UED [12] [13] [14] [15] [16] , r = 0 (and M 5 = 0) where non-vanishing bulk masses for fermions (∼ M 5 (y)ΨΨ) and boundary localized operators (∼ r [δ(y − 0) + δ(y − L)] O) at boundaries y = 0, L are introduced such that KK-parity is respected and therefore KK dark matter is still available. In particular the inclusion of bulk masses and boundary localized terms is natural as such terms are allowed by all symmetries of the model. Even in their absence of boundary localized terms at tree-level, they are induced at loop-level [17] . Therefore, the assumption of their presence does not require additional structure in the theory. To the opposite, It is rather unnatural if one assumes the absence of all boundary localized operators at one scale. For further extensions of UED model including embedding in higher dimensions, we refer to Refs. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
Non-minimal UED
In this section, we briefly review Non-minimal (or Next-to-Minimal) UED (NMUED) with non-vanishing bulk masses and boundary localized terms. We follow notations and conventions in Ref. [14] . The action is invariant under the standard model gauge symmetry G SM = SU (3) c × SU (2) W × U (1) Y as well as KK-parity and consists of two parts:
(1) The bulk action S 5 (invariant under 5 dimensional Lorentz symmetry) (2) The boundary action S bdy [δ(y) + δ(y − L)] (invariant under 4 dimensional Lorentz symmetry)
The 5 dimensional (5D) fermion fields (with a possible extension with the right handed neutrino for the non-vanishing neutrino mass) are introduced with their gauge charges as follows,
where the superscript (0) denotes the zero mode of the KK tower. The bulk action (S 5 ) is given by
where
where A denotes the gauge bosons, gluon (G), weak gauge bosons (W ) and the hypercharge gauge boson (B). They appear in the gauge covariant derivatives, for instance 
whereH = iτ 2 H * . The KK-parity conserving boundary terms, that are allowed by gauge invariance and 4 dimensional Lorentz symmetry are
Above general KK-parity preserving 5D UED model contains many new parameters in addition to SM parameters (g A , µ 5 , λ 5 , λ
),
Simplifying assumptions are typically introduced in order to avoid the tree level FCNC problem and non-trivial mixings. These include a universal boundary parameter r ≡ r Q,U,D,L,E = r G,W,B = r H,µ,λ = r λ U,D,E and a universal KK-odd fermion bulk mass µθ(y) = M Q,L = −M U,D,E where θ(y) is the step function. Generically, without any fine-tuning, r ∼ L and
) is expected, since they are allowed by all symmetries of the model. In general, the cutoff scale (Λ ∼ > O(10)/L) is also a parameter but as shown in literature, the dependence on the cutoff in masses and couplings is usually logarithmic and leads to subdominant effects due to the low cutoff scale.
The standard procedure of performing the KK decomposition is as follows:
(1) Derive the 5D equation of motion from the quartic terms of the bulk action. Electroweak symmetry breaking will be taken into account in the later steps as a correction. (2) Separate the 5 dimensional equation of motion into a 4 dimensional part (x µ -dependent part) and an extra dimensional part (y-dependent part). The ydependent part may be regarded as Fourier bases for KK expansion and the x dependent parts as Fourier coefficients. A 5D fermion is expanded as
reflecting the fact that minimal spinor in 5D is vectorlike. Both vector and scalar bosons can be expanded by a common set of Fourier bases as
because the bulk equation motion is identical for bosons. (3) Solve the y-dependent wave functions and determine KK masses using boundary conditions at y = ±L. (4) Determine the normalization factor by making the KK mode kinetic terms canonical. (5) Enter the KK decomposition into the 5D action and integrate over the extra dimension in order to determine interactions between the Kaluza-Klein modes ψ
The KK spectra and the coupling constants with the SM fields are all given in Ref. [14] . Here we summarize some noticeable features of KK-spectrum as shown in Fig. 2 in the presence of universal parameters r and µ:
• For a non-zero boundary term, both KK fermions and KK bosons become lighter than those for r = 0 (m KK (r = 0) < m KK (r > 0)).
• A larger r means a lighter KK particle, m KK (r) < m KK (r ) if r > r .
• If the bulk mass of a fermion is zero (µL = 0), masses of KK fermion and KK boson are identical, m f KK = m A KK for any r (up to electroweak symmetry breaking effects).
• A negative bulk mass (µL < 0) raises the masses of odd-numbered fermion KK modes while it lowers the masses of even-numbered fermion KK modes. The opposite holds for a positive bulk mass.
Boundary terms and fermion bulk masses also modify the couplings between KK particles, which are relevant for phenomenological studies. Fig. 3 (taken from Ref. [14] ) shows the modified KK couplings:
Some comments in couplings are given as follows.
• KK-parity is always respected so that V n f m f coupling is non-vanishing only when n + m + is an even number so that (−1) n+m+ = 1.
• KK number is not necessarily respected because of nontrivial boundary conditions and bulk masses.
• g V1f1f0 /g SM = 1 along µL = 0 but g V1f1f0 /g SM becomes larger (smaller) when µL > 0(< 0), respectively.
• g V2f2f0 /g SM = 1 along µL = 0 but there is another branch in the domain with a negative µL and positive r which also gives g V2f2f0 /g SM = 1. Above the branch cut, g V2f2f0 /g SM becomes larger (smaller) than 1 for a negative (positive) µL. Below the branch cut, g V2f2f0 /g SM becomes smaller for smaller r.
• The KK number breaking interaction g V2f0f0 vanishes for µL = 0 but is allowed when µL = 0.
a Contributions to masses from electroweak symmetry breaking generically require to re-diagonalize the KK gauge boson and fermion mass matrices before determining the interactions in the true mass eigenbasis. 
Precision constraints
KK-parity odd particles do not contribute to precision measurements at tree-level due to KK-parity but their contribution may appear as loop-corrections, such that FCNCs, electroweak precision tests, and constraints on four-fermion contact interactions allow to constrain the scale of new particles. We discuss implication of UED in each precision measurement.
FCNCs:
MUED is minimally flavor violating [31, 32] . The current bound on the model has been determined in Ref. [33] to be R −1 ∼ > 600 GeV. Generic non-minimal extensions by boundary terms or quark bulk masses can induce FCNCs at the tree-level, which are highly constrained due to the absence of an RS-GIM mechanism [2] . Hence boundary terms and bulk masses in the fermion sector are typically assumed to be flavor-blind (cf. e.g. Ref. [14] ), b which implies that bounds on the scale of the lightest quark KK resonances are of the order of the MUED bound.
Electroweak precision tests:
Loop corrections to the minimal UED model are oblique to a good approximation [1, 34] and can be parameterized in terms the Peskin-Takeuchi parameters. The 
current bound on the MUED model lies at R −1 > 680 GeV [35, 36] and results mostly from the loop contributions of the KK top and Higgs modes to the gauge boson propagators. In non-minimal extensions, boundary terms and quark bulk masses lift the degeneracy of the KK mass spectrum. Ref. [14] considered a simplified NMUED setup with universal boundary kinetic terms and uniform fermion bulk masses. As was shown there, the electroweak (EW) bounds on the LKP mass can be marginally lowered (by O(100 GeV)) due to the presence of the boundary term through which the higher KK modes contribute less. mode gauge bosons. At low energies, these interactions induce flavor conserving 4-fermion contact interactions. The constraints from contact interactions yield bounds on the mass of the second KK mode gauge bosons as well as on the KK number violating coupling strength (cf. eg. Refs. [10, 14, 37] ). However, the same type of couplings yield signals for 2nd KK mode resonance searches at LHC which typically imply stronger bounds (cf. Sec.4).
Collider phenomenology
In this section, we provide a brief summary of various collider studies.
Vectorlike fourth generation with a discrete symmetry: Fermion bulk masses allow for a possibility that level-1 fermions are much lighter than all the other KK states. Their masses can be essentially decoupled from the compactification scale, which leads to a new model for vectorlike fourth generations [11] . This possibility becomes even more important after the LHC ruled out conventional fourth generation models based on chiral fermions. The level-1 righthanded neutrino is a good candidate of LKP DM candidate in this case. The next-tolightest KK particle (NLKP) fermion would leave distinguishable features in collider experiments such as displaced vertex ∼ 300µm if the life time is ∼ 10 −12 s. For instance, the level-1 electron decays through e 1 → eZ * 1 → eνν 1 where Z * 1 is highly off-shell state thus provides a large suppression in the decay width. The doublet KK top decays via t 1 → bW * 1 → b ν 1 are also possible, if kinematically allowed, while the pair production of the singlet KK top would give tt + / E T through Z * 1 → νν 1 .
Higgs phenomenology:
UED models predict an enhanced Higgs production rate via gluon fusion as well as a modified decay rate for h → γγ because the top KK modes and (for the decay) W KK modes contribute to these one-loop induced processes [36, 38, 39] . Within the minimal UED model, the current ATLAS and CMS Higgs measurements [40, 41] imply a lower bound of R −1 460GeV (from ATLAS data) and R −1 1300GeV (from CMS data) [42] .
d In 6D UED models, these bounds are enhanced [26, 36] due to the larger number of top KK partners. In non-minimal UED models, the constraint can be weakened, however, as the mass of the top KK modes can be raised relative to the LKP, such that the effect of top KK mode loops becomes suppressed [15] .
Searches for signals with / E T : Classical UED search channels are signals with a large missing p T /E T which arise when first KK level particles are pair-produced and subsequently cascade-decay into d The bound dominantly arises from the stronger (weaker) deficit in the pp → h → W W * channel observed by CMS (ATLAS).
SM particles and the LKP [43, 44] . These signatures qualitatively resemble R-parity conserving SUSY signals [43] . However, in the case of MUED, the KK mass spectrum is compressed. Therefore, the final state SM particles are soft and the two LKPs in the final state tend to be back-to-back, implying a small overall / E T , which makes the signature harder to distinguish from background compared to searches for SUSY (with non-compressed spectra). For MUED, the most promising search channels are the three and four-lepton + / E T signals [45, 46] which have an exclusion potential up to R −1 1.2 TeV for the current LHC data at 8 TeV [46] . In nonminimal UED models, the near-degeneracy of the first KK mode masses is lifted, which generically improves the bounds, but the precise bounds (and best-suited search channels) strongly depend on a choice of boundary terms and bulk masses assumed [8, 13, 16] .
2nd KK mode resonance searches:
Within the minimal UED model (as well as 6D UED models without boundary terms), Kaluza-Klein number is preserved at tree-level. KK number violating (but KK-parity preserving) interactions -in particular the interactions between two Standard model particles and one 2nd KK mode particle -are only induced at loop-level [17] . Nevertheless, even in minimal UED, KK number violating interactions are relevant in constraining the model. 2nd KK mode particles can be singly produced and can decay into two Standard Model particles, such that the respective 2nd KK modes have Z -, W -, or colored resonance-like signatures [47] . As shown in Ref. [48] , the absence of any Z -like signals in the di-lepton channel of CMS and ATLAS searches results in a constraint of R −1 > 715 GeV for the MUED model. In non-minimal UED models, non-uniform boundary kinetic terms and/or bulk fermion masses induce KK number violating interactions already at tree-level. Therefore (depending on the size of the bulk and boundary parameters) 2nd KK mode particles can be produced with couplings of the order of the corresponding Standard Model coupling strength (g 3 for colored 2nd KK modes, g 2 for weakly coupled 2nd KK modes, etc.). Searches of 2nd KK mode gluons in the dijet channel [7, 49] 2nd KK mode Z bosons and photons in the di-lepton channel [10, 14] and 2nd KK mode W bosons in the lν l channel [50] and the tb channel [51] have been performed in various non-minimal UED setups e . Typical NMUED bounds on 2nd KK modes are stronger than the MUED bounds on 2nd KK modes (which are weaker than the projected / E T signal bounds), but the currently studied NMUED bounds make various simplifying assumptions (for example universality of the boundary terms).
Dark matter
UED models provide a variety of dark matter candidates with different features.
Dark matter candidates:
Just as in MUED, the lightest KK particle (LKP) is automatically stable due to the KK-parity, thus, if the LKP is neutral, it may serve as a weakly interacting massive particle (WIMP) dark matter with its naturally weak couplings. The KK gauge boson of the hypercharge, often called KK-photon, γ 1 ( or B 1 ), turns out to be the LKP in MUED and is mostly studied but in the extensions of UED, there are other possible candidates [12, [54] [55] [56] [57] . Importantly, the non-zero bulk mass of a fermion makes the mass of KK fermions heavier (here we just consider the 'heavy' solution) but the brane localized kinetic terms make the mass scale lighter so that the realization of the LKP depends on several parameters. Among others, the notable WIMP candidates are γ 1 (the KK photon), W [11] , which may be realized with different sets of bulk mass parameters and boundary terms. Note that these KK DM candidates qualitatively resemble neutralinos (bino, wino and higgsino), gravitino and sneutrinos in supersymmetric models with different spin states.
Relic density:
The relic abundance of a WIMP particle (χ) is approximately given by the annihilation cross section (σ A v) of the DM candidate
Thus to fit the observed amount Ω DM h 2 0.11, one requires σ A v ∼ 1pb. In NMUED, the degeneracy in mass spectrum is less significant than in MUED, the coannihilation among KK photon and KK fermions may be negligible in the bulk of parameter space. In case of MUED, the WMAP consistent R −1 is about 900 GeV but with the non-zero bulk mass with µL ∼ −0.2, r/L ∼ 0, R −1 = 700 GeV is still allowed [14] . With a larger value r/L ∼ 1.2 and µL ∼ −0.3, the scale is higher R −1 = 1300 GeV. [14] If non-universal bulk masses are allowed, the branching fraction of B 1 B 1 annihilation into different flavors of fermions can vary. If a larger masses for KK quarks are induced by the bulk mass, e.g., a larger branching fraction to leptons are realized and that may explain the 'positron excess' recently found in PAMELA, FERMI and AMS02 [7] [8] [9] .
The other case is that LKP is produced from the decay of NLKP such as ν
The relic abundance of LKP is determined by the mass ratio between NLKP and LKP and the abundance of NLKP [11] 
Indirect detection:
The branching fraction of the annihilation process of KK-photon DM to a pair of fermions, B 1 B 1 → f f , is sensitive to the mass of the KK-fermion in the t-channel because the cross section is given as [7, 8, 58] :
If the KK-mass of the fermion is large, the branching fraction becomes small. The KK-mass of a fermion becomes large when a large bulk mass is introduced but the zero mode obtains its mass through usual Higgs mechanism. This phenomenon is important when one consider the indirect signals of LKP DM in space. Especially in the galactic center or local clumpy area or in the sun, DM particles could be accumulated and then annihilation process takes place at the rate, Γ ∝ ρ 2 DM . Some of the produced particles, e.g., e
+ , e − , ν, p, p and γ, propagate toward the earth and can be detected as high energy cosmic ray particles. Unstable particles also contribute to the cosmic ray by cascade decay processes into stable particles. When charged particles are produced by DM annihilation, they radiate off diffuse gamma rays which contribute to the gamma ray flux from DM abundant regions.
Recent observation of 'excess' in cosmic positrons/electrons and non-observation of anti-proton by PAMELA [59] , Fermi-LAT [60] and AMS02 [61] could be interpreted as indirect signatures of KK DM [7, 8] . The leptophilic property can be realized by the bulk masses of quarks, which provide a sizable suppression factor ∼ 1/m 4 f1 . For a recent discussion on flavor universal bulk mass on the positron excesses, see Ref. [62] .
Direct detection:
A boundary term for a boson makes the level-1 KK state lighter. Depending on the parameter values, the LKP can be the level-1 photon (B 1 ), the level-1 Z-boson ( W has too small DM abundance thus is not favored [63] . The expected signal rate of KK DM with, e.g., Xenon nuclei is still well below the existing limits set by XENON100 for spin-independent scattering [63] . Higgs DM in UED models is discussed in Ref. [64] . Direct detection in UED with a general mass spectrum is discussed in Refs. [65] [66] [67] .
Conclusion
Models with Universal extra dimensions provide an attractive alternative physics beyond the standard model with rich phenomenology at the LHC and various potential dark matter candidates as shown in Table 1 . As an effective theory, the minimal UED is naturally extended to non-minimal UED models allowing the bulk masses for fermions and also brane localized terms, which open additional parameter space of distinctive phenomenological features. In this review, we summarize what we have learned in the direction of NMUED with specific parameter choices under some reasonable but certainly-not-most-general assumptions. Particular set of observables in electroweak precision measurements, collider experiments and dark matter experiments are studied and further studies are definitely required to probe the full parameter space. Finally we emphasize that non-minimal UED allows a large territory for phenomenological studies.
